Electron spin transient nutation (ESTN) experiments show that the spin multiplicity of the ground state of C 60 3-in frozen solution is a doublet with S ) 1 / 2 . In purified samples, there is no evidence for excited states or other species with higher multiplicity. In the anions of C 120 O n-(n ) 2, 3, 4), where the CW EPR experiments have shown that a mixture of species is present, ESTN experiments confirm that a doublet with S ) 1 / 2 is associated with the 3-anion and triplets with S ) 1 are associated with the 2-and 4-anions. A weak nutation peak attributable to m s ) -1 / 2 T 1 / 2 transitions within a quartet state may arise from association of anions with spins of 1 / 2 and 1 in solute aggregates.
Introduction
The observation of cooperative phenomena such as ferromagnetism 1 and superconductivity 2 in solid-state salts of the fullerene C 60 has given impetus to extensive studies of the electronic properties of discrete fulleride anions. Molecular orbital calculations place a triply degenerate t 1u state as the LUMO, approximately 2 eV above the HOMO. 3 Thus, the simple expectation is that the addition of electrons to C 60 will result in anions whose ground-state multiplicity follows Hund's rule, namely, the maximum multiplicity allowed by the Pauli principle. On this basis, the C 60 3-anion is expected to have a ground quartet state with spin S ) 3/2.
The experimental evidence that this is not the case, and that the orbital degeneracy is removed to give a ground state with S ) 1 / 2 , is dependent on the interpretation of EPR spectra. The EPR observations have been reviewed by Eaton and Eaton 4 and more recently, by Reed and Bolskar. 5 The consensus view is that in frozen solution, the spectra of C 60 3-anions consist of a "broad line" whose width is variously reported as being in the range from 15 to 35 G, upon which is superimposed a "spike" of width 2-5 G. The shape and relative intensities of the broad line and the spike have been shown to depend not only on sample preparation but also on a variety of experimental conditions, such as temperature, freezing rate, microwave (mw) power, and magnetic field modulation amplitude. The influence of some of these factors on the spectra has been described elsewhere 6, 7 and will be discussed more fully in a forthcoming publication. 8 There has been debate as to whether the broad line and the spike are completely distinct species or whether circumstances exist where part or all of the resonant absorption of the spike contributes to that of the broad line. 4, 5, 7 However, recent EPR experiments by some of us, making use of samples of highly purified C 60 and C 120 O ( Figure 1 ) prepared under anaerobic conditions, have shown that the broad line is due to C 60 3-itself and that the spike is due to C 120 O impurities from the exposure of C 60 to trace amounts of oxygen. 9,9b The picture that emerges is that the broad line, due to an S ) 1 / 2 spin doublet, is the true resonance of C 60 3- , that the spike is due to a spin doublet from C 120 O n-with n ) odd, and that the satellite lines observed in frozen solutions are due to the m s ) 0 T (1 transitions of a triplet state from C 120 O n-with n ) even. From this, it is deduced that the ground-state spin multiplicities of C 60 n-for n ) 1, 2, and 3 are 1 / 2 , 0, and 1 / 2 , respectively, and those of C 120 O n-for n ) 1, 2, 3, 4, and 5 are 1 / 2 , 1, 1 / 2 , 1, and 1 / 2 , respectively. Hund's rule is not followed because the orbital degeneracy is removed by Jahn-Teller distortions. 10 However, CW EPR measurements and simulations are unable to completely distinguish between the various possibilities where resonances from different species and different spin multiplicities overlap. First, both the spike and the broad line of C 60 3-could result from the m s ) -1 / 2 T + 1 / 2 transitions within a spin quartet state rather than within a spin doublet. Second, the central line observed for the C 120 O n-mixture could arise, at least in part, from the m s ) - guishing different spin states. 11, 12 The ESTN spectroscopy of C 60 3-has been performed by Candida et al. 13 and the results interpreted as showing that the ground state of C 60 3-was S ) 3/2. Because this is contrary to the conclusions of most other workers, we decided to perform ESTN measurements on wellpurified samples prepared as described by Paul et al. 9 The ESTN measurements reported in this paper were performed using the PEANUT pulse sequence (phase inverted echo amplitude nutation). 14 This has the advantage that all echoes are detected at the same time, thereby minimizing loss of resolution because of relaxation broadening, as well as minimizing distortions arising from spectrometer deadtime.
Experimental Section
Sample Preparation. Samples were prepared at the University of California, Riverside as described earlier 9 and aircouriered to Monash University in dry ice to minimize the effects of aging. They were then stored at -20°C prior to use.
CW EPR. EPR experiments were carried out with a Bruker ESP380FT/CW X-Band EPR spectrometer at Monash University. CW experiments were carried out both with a standard rectangular TE 012 cavity and a Bruker ER 4118 cylindrical dielectric resonator. Temperatures of 77 K were achieved with a Bruker liquid nitrogen dewar and from ∼100 to ∼160 K using a Bruker Nitrogen Flow Cryostat fitted to the rectangular cavity. Temperatures from 2.7 K to approximately 175 K were achieved with the dielectric resonator inserted in an Oxford Instruments CF935 cryostat. Microwave frequencies were measured with an EIP Microwave 548A frequency counter.
The g-factors were determined with reference to the F + line in CaO, which has a g-factor ) 2.0001 ( 0.0002. 15 Relative to the F + line, the g-factor for DPPH was 2.0037 with an estimated uncertainty of (0.0003, the same as the published value. 16 Pulsed EPR. Pulsed EPR experiments were carried out at temperatures ranging from approximately 2.5-100 K using the ESP380E spectrometer fitted with the dielectric resonator and a 1 kW TWT amplifier. Echo-detected EPR (ED-EPR) spectra were acquired by recording the peak amplitude of a Hahn echo (obtained using the pulse sequence π/2-∆-π-∆-echo) as a function of magnetic field. 17 The ESTN experiments used the PEANUT pulse sequence 14 shown in Figure 2 . This consisted of a t prep ) 32 ns preparation pulse, a free evolution period τ, and a composite nutation pulse of duration T and power equal to the preparation pulse. 18 The precise microwave field at the sample depended not only on the high power attenuation setting but also on the loading of the resonator arising from sample positioning. The sampling digitizer was incremented by 16 ns for each ∆t ) 8 ns increment of the phase-inversion point so that the oscillation frequency of the doubly nutating rotary echo appeared at the single nutation frequency ω TN . Data manipulation consisted of the subtraction of the spin-locked echo contribution with a cubic polynomial fit, apodization with a Gaussian window function to isolate the rotary echo from the unrefocused contributions near t ) 0 and t ) T, zero filling, and magnitude FFT calculation.
One-dimensional PEANUT experiments were carried out at a discrete number of magnetic field locations, corresponding to the prominent features in the ED-EPR spectrum. Following Stoll, 19 the 1D PEANUT spectra were symmetrized to reduce line widths and minimize artifacts. However, symmetrization can produce misleading results if the field is not close to one of the canonical orientations of the resonance in question, as discussed below. In some cases, the nutation spectra were signal averaged to obtain improved signal-to-noise ratios. Twodimensional PEANUT experiments were performed by incrementing the magnetic field across the spectral region of interest.
For all pulsed experiments, the number of shots per loop was typically 10-50, with a repetition rate about a few hundred microseconds. All pulse lengths and experimental conditions are reported in detail later with the relevant results.
Interpretation of Nutation Spectra. Provided that the microwave field strength is such that only a single transition of the spin system is excited, the nutation frequency of the spin magnetization is given by the matrix element of the operator S x by where B 1 is the magnitude of the microwave magnetic field, g 1 is the g-factor along the direction of B 1 , and m s ′ ) m s -1 for allowed transitions. The multiplicity of the spin states corresponding to each of the features of the CW EPR spectrum can then be assigned by comparing the ratios of the frequencies of the peaks in the nutation spectra obtained at the fields of these features. 19 Thus, it is not necessary to know the precise strength of the microwave magnetic field ω 1 to assign spin multiplicities. Equation 1 only applies when a single transition of the fine structure spectrum is excited. 20 This condition may be expressed as ω 1 , |D| where D is the magnitude of the fine structure splitting. When ω 1 . |D|, all spins experience the same effective mw field (i.e., B eff ≈ B 1 ) and hence have the same transition probability and nutation frequency. When ω 1 ∼ |D|, a range of nutation frequencies will result and the interpretation is no longer straightforward.
Results and Discussion

CW EPR Spectroscopy of C 60
3-. The spectra of samples of [Na(dibenzo-8-crown-6)] 3 C 60 in a 1:2 mixture of DMSO and THF were obtained at temperatures between 2.3 and 170 K. The spectra were consistent with those obtained by Paul et al. 9 with the same spectrometer settings of 5.7 mW microwave power and 5 G 100 kHz modulation amplitude. At lower powers and modulation amplitudes, the same two resonant features as reported by other authors could be discerned (see refs 4 and 5), namely, a resonance whose peak-to-peak derivative width varied between approximately 13 and 35 G and g-value ∼2.0020 upon which was superimposed a narrower resonance of width between 3 and 5 G and g-value ∼2.0010. These features are referred to as the "broad line" and the "spike", respectively. Representative spectra are shown in Figure 3 . Because the spike saturates more readily than the broad line, it is better discerned in the lowpower spectra. The low integrated intensity of the spike indicates 
(1)
that the C 60 3-sample was almost free of C 120 O impurity. The widths and relative intensities of the broad line and the spike are dependent on the sample temperature, the magnetic field modulation amplitude, the magnitude of the microwave magnetic field intensity, B 1 , at the sample (which depends on the microwave power and the coupling to the resonant structure), and the rate at which the sample was cooled to the measurement temperature. The influence on the CW spectra of these factors and their reconciliation with the observationssbut not necessarily the conclusionssof other workers will be discussed in a subsequent paper. 8 In summary, none of the spectra, under all conditions of observation, exhibited features other than those due to the broad line and the spike. There was no evidence for the temperature-dependent hysteresis effects observed by Candida et al. 13 Echo-Detected EPR of C 60 3-. The ED-EPR spectra were obtained at 3.4 K with pulse lengths of 52 ns and 112 ns and a leading edge separation of 296 ns. A single slightly asymmetric resonance feature was observed. On differentiation, both the spike and the broad line could be resolved. As is the case with the CW spectrum, the spike is only a small component of the overall absorption, even though its narrowness leads to an impression of significant intensity when viewing the derivative spectrum.
PEANUT Spectroscopy of C 60 3-. The 2D ESTN spectrum at 4 K was acquired by incrementing the magnetic field at intervals of 1 G across the absorption spectrum. The initial duration t 0 of the 0°phase component of the composite nutation pulse was 400 ns, as was the final duration of the 180°c omponent. The free-evolution period τ was 168 ns and the total duration T of the composite nutation pulse was 3192 ns (300 data points). The 2D-PEANUT spectrum is shown in Figure 4 and shows only a single nutation frequency. This establishes that only spin S ) 1 / 2 states are present and that therefore the broad line arises from an S ) 1 / 2 doublet ground state. Since the spike also has S ) 1 / 2 , it gives the same nutation frequency as the broad line. However, its presence is shown by the spin-lock projection depicted in Figure 5 , where the broad line and the spike are clearly distinguished in the first derivative spectrum. The spin-lock projection is closely related to the ED-EPR spectrum and is derived from the 2D time domain data set by plotting the magnitude of the constant offset component of the nuation signal as a function of magnetic field. 14 CW EPR of C 120 O n-. The CW EPR spectra of C 120 O in solvent mixtures of 1:2:4 o-dichlorobenzene:dimethylsuphoxide: tetrahydrofuran after treatment with between 1 and 5 equivalents of reducing agent showed the same features as recorded by Paul et al. 9 when examined with the same spectrometer settings of 5 G magnetic field modulation amplitude, 5 mW microwave power, and at 100 K.
For the pulsed EPR experiments reported in this paper, we used samples of C 120 O to which 3.2 equivalents of reducing agent had been added, written as C 120 O;1:3.2. The CW EPR spectrum of these samples, recorded with a magnetic field modulation amplitude of 1 G, a microwave power of 10 µW, and at a temperature of 100 K is shown in Figure 6 . The lower modulation amplitude and microwave power gives a better resolution of the spectral components than reported in ref 10 but otherwise the features are identical.
Following Paul et al., 9 we assign the strong line in the center of the spectrum (the central line) at g ∼ 2. The spectrum of Figure 6 thus shows evidence for the existence of C 120 O 2-, C 120 O 3-, and C 120 O 4-. The mixture of species arises inevitably from the closeness of the 2-/3-and 3-/4-reduction potentials of C 120 O and the fact that these redox reactions are reversible. Although the central line has the greatest intensity in the first derivative spectum of Figure 6 , spectrum simulations and double integrations show that it represents only about 40% of the spin concentration. The resonances attributed to C 120 O 2-and C 120 O 4-represent about 25% each, respectively, and the resonances attributed to the powder triplet represent the remaining 10%. At around 100 K, the central line exhibits microwave power saturation behavior above about 50 µW whereas the satellite features require greater than 1 mW. Thus, a true appreciation of the relative intensities of the resonances can only be gained at low powers.
The CW spectrum of C 120 O;1:3.2 was also examined at 4 K. At this temperature, the relaxation times of all species are so long that only spectra reminiscent of fast passage effects 21 were observed, even at microwave powers of 200 nW and field sweep rates slower than 0.1 G per second. No features were observed at this temperature other than those connected to features in the spectrum of Figure 6 .
ED-EPR of C 120 O n-. As shown in Figure 7 , the ED-EPR spectrum with 3.2 equivalents of reducing agent exhibited a strong central feature at 3463 G and shoulders approximately equally spaced around the central resonance at fields of 3438, 3450, 3476, and 3488 G. These features can be related to features in the CW spectrum of Figure 6 .
PEANUT Spectroscopy of C 120 O n-. A 2D ESTN spectrum could not be obtained in this instance because of the inadequate signal-to-noise ratio. Therefore, signal-averaged 1D ESTN spectra were recorded at the magnetic field values afi marked in Figure 7 , corresponding to the prominent features of the ED-EPR spectrum. The initial duration, t 0 , of the 0°phase component of the composite nutation pulse was 200 ns, as was the final duration of the 180°component. Representative nutation spectra are shown in Figure 8 . At 100 K, the freeevolution period τ was 168 ns and the total duration T of the composite nutation pulse was 3592 ns (400 data points) at center field (the position of the central line) and 1592 ns (150 data points) at all other magnetic field values. At 60 K, τ ) 112 ns, t 0 ) 200 ns, and T ) 1992 ns (200 data points).
The nutation frequencies ω TN corresponding to fields afi at 100 K are listed in Table 1 . From Table 1 , we see that the ratios of ω TN to ω 1 have a mean value of 1.43 ((0.02), which corresponds closely to the value of 1.414 expected for a spin doublet S ) 1 / 2 at center field and a spin triplet S ) 1 at the other fields.
At 100 K, there was inconclusive evidence for the existence of a quartet state (S ) 3 / 2 ) in the form of a very weak peak at a field corresponding to the center of the main line and with a nutation frequency of 10.73 MHz, approximately 2ω 1 . Its intensity was at the noise level and corresponded to less than The ED-EPR spectrum of C120O;1:3.2 at 100 K using the same sample as for Figure 6 and using pulse lengths of 56 ns and 112 ns with a leading edge separation of 200 ns. Microwave frequency 9.701 GHz. Average of 20 field scans. 1D nutation spectra using the PEANUT pulse sequence were acquired at magnetic field locations indicated afi. Figure 8 . Normalized frequency domain nutation spectra for C120O;1: 3.2 at three of the magnetic field locations marked in Figure 7 [c, e, and g] obtained following Fourier transformation and manipulation as described in the text. (i) 100 K, field location c; (ii) 100 K field location e; (iii) 100 K, field location g; (iv) 60 K, field location e. The narrow hole at ω TN/2 in (ii) has been experimentally observed in other S ) 1 /2 systems, where it was attributed to artifacts introduced by data handling. 14 For the 100 K spectra, ω1/2π ) 5.389 MHz; for the 60 K spectrum ω1/2π ) 8.946 MHz.
5% of the peak intensity at ω 1 . The PEANUT experiment was repeated with another sample under the same conditions and the result was reproducible. The temperature was then reduced to 60 K to observe whether the nutation peak disappeared, as would have been expected if it originated from a thermally accessible excited state. Instead, we observed a significant increase in the signal-to-noise ratio of the 2ω 1 peak, which was then easily discernible ( Figure 8 ). Below about 40 K, the signalto-noise ratio of all peaks rapidly diminished as the magnetization became saturated, even at very low repetition rates of the pulse sequence. This is consistent with the observation of rapid passage effects described above and is due to the increase in the spin-lattice relaxation times at low temperatures. The 2ω 1 nutation peak implies the presence of a separate species possessing an S ) 3/2 ground state. The inability to observe any features in the CW spectrum which may be associated with S ) 3/2 species indicates that it is present in only small amounts.
Simulations of 2D PEANUT Spectra. The interpretation of PEANUT spectra is assisted by an investigation of the behavior of simulated spectra. 2D PEANUT spectra were simulated with a Fortran 90 program 22 using the first-order Hamiltonian 23 which holds in the high-field approximation where the fine structure interactions are very much smaller than the Zeeman interaction. An isotropic inhomogeneous line width of Γ inh ) 5 MHz was used in conjunction with the spin Hamiltonian parameters shown in Table 2 . The value of B 1 ) 1.926 G used in the simulations corresponded to the experimental value of ω TN shown at position e in Figure 7 using eq 2. Other simulation parameters are listed in Figure 9 .
The resolution of the time-domain spectra was 100 points in the nutation dimension and 80 points in the field dimension (1 G resolution). Powder averaging consisted of a summation over 100 equally spaced values of cos θ in the range [-1, 1]. The Gaussian inhomogeneous line shape, approximated by a truncated histogram, was accounted for by using a weighted summation over all resonance frequency offsets. The timedomain data from the simulations was processed using the Bruker Win-EPR software package in a fashion similar to the experimental data. An example is shown in Figure 9 .
As well as exhibiting strong nutation peaks in the vicinity of 5.4 and 7.7 MHz, the 2D simulations show the presence of offresonance 0 T (1 peaks. These manifest themselves as "offset branches". 18 Caution must therefore be used when interpreting the experimental nutation spectra as these undesirable nutation peaks can confuse the identification of spin multiplicities. Such off-resonance effects were indeed observed in the experimental 1D PEANUT spectra of C 120 O n-, especially within (5-6 G of the central resonance. This was the motivation for concentrating on the discrete locations afi, because the off-resonance effects at these fields are expected to be minimized at these canonical orientations. The symmetrization of 1D nutation spectra at such fields further reduces the influence of such effects. However, symmetrization at fields other than those corresponding to canonical orientations can also lead to misleading interpretations. In the simulation of Figure 9 are the features at ≈ω TN /2 in the vicinity of the canonical orientations, which arise because of incomplete removal of the rotary echo from unrefocused contributions near t ) 0 and t ) T, prior to FFT.
Finally, we emphasize that Figure 9 is not an attempt to simulate the 2D spectrum of C 120 O(1:3.2) but rather an attempt to illustrate the origin of some of the features encountered when 1D spectra are recorded at fields corresponding to other than canonical orientations.
Conclusions
The ESTN experiments reported in this paper establish conclusively that the ground state of the spin system giving rise to the broad line in C 60 3-is a doublet with S ) 1 / 2 . There are no indications of spin states of higher multiplicity observed by ESTN at 2.6 K. The inability to observe any new resonances, as distinct from changes in line shape and intensity in the CW spectrum between 2.9 and 170 K and in the ED spectrum Table 2 . The dashed and dotted lines indicate the nutation frequencies expected from eq 1 for the S ) 1 /2 and S ) 1 species, respectively. between 2.6 and 100 K, implies that no excited states with spin multiplicity greater than 1 / 2 are significantly populated below about 170 K.
For the C 120 O n-systems investigated in this paper, the ESTN spectra show that the major species contributing to the central line of the CW spectrum is a spin doublet, that is, S ) 1 / 2 . The satellite features arising from C 120 O 2-and C 120 O 4-show peaks in the ESTN spectra corresponding only to spin triplets, that is, S ) 1. This confirms the deductions of Paul et al. 9 on the basis of CW spectra. The inability to identify new features in the CW spectrum between 3.4 and 170 K (the melting point of the solutions) indicates that no states of higher multiplicity become populated in this temperature range. Furthermore, the spin singlet state (S ) 0) associated with the triplet because of the coupling of two S ) 1 / 2 systems must lie either above the triplet or be lower and separated from it by less than 5 cm -1 .
Although we observed a nutation peak at a frequency corresponding to the -1 / 2 T + 1 / 2 transition of a quartet state at field position corresponding to the center of the resonance attributed to C 120 O 3-, its relative intensity indicates that it is only a minor species. The inability to observe any corresponding resonances in the CW spectrum and extra nutation peaks at 3ω 1 , a frequency corresponding to the ( 3 / 2 T ( 1 / 2 transitions, is consistent with this observation. Given that the powder triplet is attributed to the association of two C 120 O 3-anions and that the sample used here contains a mixture of species, it seems reasonable to propose that a system with S ) 3 / 2 arises from the association of C 120 O 3-(which has S ) 1 / 2 ) with either C 120 O 2-or C 120 O 4-, both of which have been shown to have S ) 1.
As regards the central line, when examined under minimum conditions of modulation amplitude and microwave power, there appears to be no significant change in line width, line shape, intensity, or g-factor as a function of added reducing agent. 9 Thus, it appears that the central line observed from samples of C 120 O n-is always due to m s ) 1 / 2 T -1 / 2 transitions within a S ) 1 / 2 spin doublet. This doublet forms the ground state in all cases. There is no CW-EPR evidence for a contribution to the central line from higher multiplicity spin states.
In contrast to our results, which show no evidence for states other than doublet S ) 1 / 2 in C 60 3-, Candida et al. 13 have reported ESTN spectroscopic evidence for the existence of doublet and quartet states at center field and triplet and quartet states at the position of the so-called low field XY lines of the CW spectrum. However, as discussed by Paul et al., 9 the CW spectra recorded at 90 K and presented as Figure 1 of Candida et al. 13 (cf. Figure 6 of this paper and Figure 8 of Paul et al. 9 ) have the appearance of spectra arising from a mixture of C 60 and C 120 O anions. In particular, the XY lines appear to correspond to the satellite lines at around 3448 and 3478 G in our CW spectra of C 120 O (1:3.2). The presence of C 120 O anions in the sample of Candida et al. 13 leads to two possible explanations for the observation of a quartet state.
First, both C 60 and C 120 O anions have a marked tendency to associate when solutions are frozen. 6, 9 It is possible for the quartet state observed by Candida et al. 13 to arise from associations between anions with spin S ) 1 / 2 and S ) 1 or between three anions, each with S ) 1 / 2 . We have similarly attributed our observation of a quartet state nutation peak at center field in C 120 O(1:3.2) to the association of C 120 O anions in solution on freezing. However, in our case, the quartet state appears to arise from a quite minor species.
Second, as described by Schweiger and Jeske, 20 if the magnitude of the B 1 field is of the same order of magnitude as the difference in frequency of two transitions with a level in common, the microwave excitation pulse is no longer transition selective. The mixing of the different transitions is then incomplete and nutation peaks can appear at frequencies other than those predicted by eq 1. In Candida et al. 13 the value of ω 1 /2π attributed to the S ) 1 / 2 species at g ) 2, namely, 18.2 MHz, corresponds to a B 1 field of ∼6 G. This is of the same order of magnitude as the zero-field splitting of the triplet state of the S ) 1 species, namely, |D| ∼ 15 G. Thus, the limiting condition of eq 1 no longer applies and the nutation peaks attributed to the quartet may be artifactual. By way of contrast, our measurements on C 120 O (1:3.2) at 100 K yielded ω 1 /2π ) 5. 4 MHz, corresponding to a field strength of B 1 ) 1.9 G, much less than the above value of D.
In summary, the complementary application of ESTN and CW EPR techniques has confirmed the conclusions of Paul et al. 9 regarding the spin state of C 60 3-and resolved uncertainties regarding the spin states of C 120 O n-ions in favor of those proposed. 9 Fulleride anions show a pronounced tendency to adopt low-spin states and although higher spin states may be thermally accessible, EPR spectroscopy on purified samples has so far failed to find convincing evidence for their existence.
